In this work we present a plasmonic platform capable of trapping nano-objects as small as 100 nm in two different spatial configurations. The switch between the two trapping states, localized on the tip and on the outer wall of a vertical gold nanochannel, can be activated by a variation in the focusing position of the excitation laser along the main axis of the nanotube.
Introduction
Since its first demonstration in the 1980s [1] , the versatility of the optical tweezing phenomenon has drawn the attention of different scientific communities. Among others, optical tweezers find application both as a model for studies on optomechanics [2] and as a tool for nano-and biotechnology [3, 4, 5] .
However, common tweezing approaches suffer from disadvantages related to the need of bulky and expensive high numerical aperture objectives. Furthermore, classic optical trapping displays substantial difficulties when dealing with objects with dimensions of tens of nanometers.
In this regard, the combination of conventional tweezing methods with plasmonics, which offers the possibility to concentrate the electromagnetic (EM) field in small volumes (the so-called hot-spots), allowed to expand the range of their application to the nanoscale.
Moreover, the intense EM field enhancement induced by metal nanostructures promotes an increase in the depth of the trapping potential. This increased stability reduces the requirement for high laser powers, thus avoiding the possibility of temperature rise, which potentially leads to convection as well as specimen damage.
Usually, plasmonic tweezing experiments can be performed in flow-over or flow-through configurations.
Flow-over approaches are based on the use of dielectric substrates decorated with planar nanoantennas. The antennas are illuminated with a microscope objective [6] or by a collimated laser beam to respectively induce the trapping of single or multiple nanoobjects [7, 8, 9] .
These arrangements allow to tweeze a large number of particles at the same time, but suffer from limitations commonly related to flow-over layouts.
Indeed, when working with diluted solutions, the statistical possibility to trap molecules in the hot-spot becomes strongly correlated to the diffusion probability inside the solution [10] .
To overcome this limitation, recent works have introduced the use of thermal induced convective forces [11, 12, 13] . Nevertheless, trapped particles could stick on the surface of the substrate, thus compromising the reproducibility of experiments.
An alternative is represented by the use of flow-through systems, such as plasmonic nanopores drilled on gold-covered Si 3 N 4 membranes [14] .
These structures show very good trapping performances, which can be further improved by including plasmonic hot-spots in the nanostructure design. The resulting geometries, such as double nanoholes [15] or inverted bowties [16] , are characterized by gaps of a few tens of nanometers in which the electromagnetic field is strongly confined and enhanced, leading to efficient trapping states.
However, the performance of flow-through arrangements is constrained by the transverse section of the structure, as the flow is proportional to it.
Beside the problems related to the fluidic configuration, the integration of plasmonic tweezing into lab-on-chip devices has also been slowed down by the limited manipulation capabilities of the technique.
Literature reports some examples of dynamic manipulation of particle based on plasmonic nanostructures [17, 18] . These approaches are mostly characterized by binary on/off configurations, where the particle can be either trapped by the nanostructure-enhanced field (on) or released in the solution (off). In these conditions, the possibility to trap the same particle multiple times is therefore a stochastic event and, when working with very diluted media, it could represent a time consuming option.
Here we present a novel approach for the stable trapping of nanosized objects in two spatially separated arrangements whose selective activation can be triggered by a change in the excitation configuration of the structure.
Our system is based on the use of tridimensional plasmonic nanochannels stemming out of a planar substrate.
The field distribution along the nanoantennas shows two distinct maxima, respectively located at the tip and on the outer wall of the channel, with field intensities high enough to allow for the trapping of nanometric objects on both zones. As sketched in Fig.1a , a shift in the focusing position of the excitation laser along the longitudinal direction of a nanoantenna ( fig.1b) leads to a change in the relative intensity of these maxima. As a result, it is possible to control a switch in the position of a trapped particle between the two distinct tweezing zones with different characteristics ( fig.1c-d) .
In addition to these features, the peculiar lithography technique used to fabricate the hollow antennas allows us to tune the resonance of the structures on a wide range of different wavelengths without changing the dimension of the inner channel, thus preserving a strong field confinement. Finally, it is worth noticing that it is possible to combine our approach with detection methods both in the visible and near infrared (NIR) range.
Results and discussion

Trapping performances
Our fabrication technique, based on an established secondary electron lithography technique [19] , offers the possibility to tune the wavelength resonance of the nanoantenna independently of the hole dimensions (see fig. 2b ) [20] . This approach provides more flexibility with respect to conventional FIB milling of nanoholes into metal substrate, in which the dimension of the plasmonic hot-spot is dictated by resonance conditions. Moreover, the fabrication of sub-10 nm gaps can be hardly achieved with standard techniques.
On the contrary, our method allows us to fabricate few nanometers holes at the tip of the channel, thus strongly increasing the field confinement and opening up the possibility to trap smaller specimens such as DNA or macromolecules.
Numerical simulations in COMSOL Multiphysics have been performed in order to design a hollow nanoantenna that resonates at λ exc =633 nm.
The choice of a laser wavelength in the low frequency of visible spectrum was due to two main reasons. On one hand, it offers the possibility to excite plasmon resonances in gold antennas, which present stability to oxidation in water, a required feature for tweezing experiments. On the other hand, working with visible wavelength opens the perspective to easily integrate on-line analysis, such as fluorescence or Raman spectroscopy, with a single laser beam configuration. Anyway, it is worth mentioning that the current approach can be shifted to whatever wavelength in both the visible and near-infrared spectral ranges. (Fig. 2c) . The Gaussian beam is linearly polarized before focusing and it has a spot size of 400 nm at the focal plane. The excitation induces two maxima of field intensity in the inner hole and along the outer wall of the antenna. In this configuration, the field enhancement |E/E 0 | reaches a maximum value of 2.75 times at the tip of the inner channel, which represents the preferential trapping well.
However, a variation in the irradiation conditions can drastically change the field distribution. Indeed, as reported in Fig. 2(d,e) , a shift of 2 μm in the focusing position of the excitation laser along the antenna main axis (Fig. 2f) , strongly reduces the spatial extension of the field components inside the channel, while not compromising the distribution of the electromagnetic field on the outer ring of the antenna.
In order achieve a deeper understanding of the two trapping states, we also studied the contribution from the thermal effects generated by the plasmonic heating of the antenna.
Recent literature has revealed that also thermal effects induced by excitation of nanostructures play a substantial role in particle trapping [11, 12, 13 ] .
Commonly, the illumination of a single antenna generates negligible convection forces [21] and the presence of a heat sink gives additional stability to the tweezing [17] .
Nevertheless, accurately predicting the thermal behavior of vertical plasmonic systems is not trivial, since detailed theoretical models have not been developed yet.
Multiphysics simulations of the estimated temperature gradient and of the heat flow generated in both illumination conditions are reported in Figure 3 . Under these same conditions, the heat flow at the tip of the antenna (reported in fig. 3c,d) also points towards the center of the channel.
By looking at the temperature gradient and at the heat flow, we can state that when the laser is focused on the tip of the antenna, the particles close to the pore are pushed to enter it while the particles at the "outer" ring are pushed out.
When the excitation laser focus is located 2 μm above the structure ( fig.3e-h ),the excitation of mode inside the pore is less efficient and this has a repercussion on the overall dynamics of the particle.
Indeed, the particle only feels temperature gradients going towards the external part of the pillar and the heat flow pushing it outwards. Therefore, the particles will be attracted around the edges of the pillar, since the thermal gradient and heat flow are almost negligible at the pore center. The array was irradiated through a water immersion objective (NIR WI 60× NA 1.0), which was also used for the imaging by means of a CCD camera. The alignment of the sample was carried out with a 10 nm precision thanks to a piezoelectric controlled XYZ stage.
To induce the plasmonic trapping, a CW fiber-coupled He:Ne laser (λ= 633 nm) was collimated, expanded and focused on the antennas, forming a laser spot with an approximate area of 0.5 μm 2 .
The laser light transmitted through the sample was collected by a microscope objective (10× NA 0.30) and measured by a silicon-based photodetector. The 10x objective was also used as a condenser to illuminate the sample with cold white light from a LED source, in order to avoid heating effects (see fig. 4a ).
The presence of trapping was confirmed by monitoring the change in the transmitted signal through the backside of the membrane (see fig.4b ). This change can be attributed to both scattering and fluorescence effects induced by the presence of the dielectric bead. Such data were compared with images collected by the CCD camera and allowed us to relate the highest and lowest transmission levels respectively to an on/off trapping state of a single bead.
In our system, the real time imaging of the trapping event is made possible by the intense scattering of the red laser light off the trapped particle and the antenna's tip. As a result, both the tip of the antenna and the particle are visible on the camera. In this way, we are able to track objects on camera without specific preparation or functionalization, such as the use of fluorescent probes, which require appropriate detection schemes.
In fig. 5b a temporal sequence of CCD images showing the details of a trapping event is displayed. The full video of the trapping event is available in SI (SI_Video 1). In the upper row (t=0-7 s), it is possible to observe the bead approaching the tip of the antenna. Then, the particle enters the potential well and is trapped in the stable position at the aperture of the nanochannel (t=9-40 s).
We would like to underline the fact that 2-3 s are required for the particle to be positioned in the potential minimum (panels t=9-12 s). Such value is in good agreement with the transmission data in Fig. 5a , which report a transition between an on/off trapping state characterized by a few seconds slope.
Measurements were performed on different days with different particle suspensions and showed reproducible results.
No significant variations in the signal intensity were recorded in the absence of nanospheres in the solution, and no optical trapping of the beads was observed when the beam was focused on top of a bead that was out of the reach of the antenna.
Switchable trapping
According to the simulations reported in Fig. 2 , a change in the excitation configuration of the nanotube induces a difference in the electric field distribution along the antenna.
In our experiments, this condition has been reproduced by shifting the relative position of the focal point along the main axis of the antenna by 2 μm while trapping a 100 nm particle.
The focal shift resulted in a decreased stability of the trapping position inside the antenna channel, as confirmed by CCD images. This can be observed in SI_video 2, where we show a bead moving away from the top of the antenna, subsequently remaining attached to the outer wall of the nanotube, and then revolving around it
This behavior was reflected in a change of the transmittance levels recorded by the photodiode, as reported in Figure 6 . The transmission signal for the trapping position on the outer wall of the nanotubes ("outer" trapping) showed larger oscillations in the transmission intensity than the trapping state located at the tip ("inner" trapping).
The phenomenon was reproducible and we were able to induce the switch of a 100 nm particle from "inner" to "outer" trapping states and vice versa multiple times (see SI_Video 3).
In the light of the simulations reported in fig.2-3 , this effect can be related to a combination of electromagnetic and thermal effects.
Firstly, the electromagnetic simulations show the presence of different field distributions for different excitation configurations.
When the laser is focused on the antenna tip, a combination of high field enhancement and large field extension, which prevents possible particle escaping from the potential well, assure a well localized trapping state.
A shift in the focus of 2 μm above the tip generates a shrink in the field extension, thus limiting the spatial effect of the field enhancement to the inner part of the pore only.
Secondly, the focus change induces an inversion in the heat flow direction around the antenna ring. As a consequence, the particle will be "pushed" towards the center of the antenna for "inner" trapping configuration or towards the outer ring for the "outer" one.
Considering that the nanochannel presents a 40 nm aperture, we can assume that the trapping of the 100 nm particle in the "inner" configuration induces a clogging of the channel aperture.
We would like to remark that the same switch of the focusing position along the antenna did not generate a comparable intensity change in the transmitted light in absence of nanoparticles (see SI Fig.1 ).
The difference in signal level oscillation can be explained by considering that the intensity in the field enhancement is different in the two described cases. The "outer" trapping position, characterized by a less marked potential depth, will present a less stable condition.
As confirmed by CCD images, indeed, the particle moves around the outer wall of the antenna, in contrast with the "inner" trapping zone which is characterized by a stiffer state.
The difference in stiffness found for the two excitation conditions can be attributed to two main factors. First, as already discussed before, the "outer" position is characterized by a lower field enhancement, thus providing a less stable trapping. Second, it should also be considered that the electric field on the outer wall surface is localized on a way larger area than that of the inner channel, such inducing a revolving movement on the particle.
The combination of these effects lead to a particular trapping state that, in association to recent work in literature [18] , can be defined as dynamic. The condition of dynamic tweezing, characterized by a trapped particle moving along a definite pattern, often requires elaborated optical setups. Among these techniques, literature reports works based on polarization modulation [17, 22 ] , structured beams [18] or double trapping beams [23] Here, we were able to achieve similar results on a common trapping setup with fixed linear polarization, simply by displacing the microscope objective by 2 μm.
Trapping efficiency limits
As a last test, we decided to explore the trapping limits of our platform by performing experiments on smaller particles.
Using the same experimental parameters used for "inner" trapping reported in Fig. 5 , we were able to trap 40 nm polystyrene beads on the tip of a plasmonic nanotube.
Nevertheless, whenever the focusing position was switched, the trapping stiffness on the outer wall of the nanoantenna was not strong enough to assure a stable tweezing condition and the particle was released from the trap after some oscillation time (see
SI_Video 4).
Such results can be explained by considering the simulations reported in Fig. 2-3 .
Indeed, when the antenna is excited on the tip, the EM field presents not only higher values but also higher spatial extension.
Therefore, we can suppose that the most efficient trapping configuration is due to the contributions of high field enhancement and large field extension, which avoids particle escape from the trapping well.
Such combination of effects makes the "inner" trapping state efficient enough to trap particles with dimensions as small as 40 nm.
In principle, it could be possible to further increase the laser power to tweeze smaller particles, thanks to the presence of the heat sink at the base of the nanoantenna that prevents thermal instabilities [24, 25] .
Nevertheless, we preferred to avoid this approach in view of the potential application of the technique to biological specimens.
Conclusions
In this work we demonstrated the possibility offered by tridimensional plasmonic nanotubes to perform the tweezing of 100 nm nano-objects with two different, spatially separated configurations.
The reversible switch between the two conditions can be activated by a variation in the position of the focusing position of the exciting beam along the antenna main axis.
Experimental data have shown that particles can be trapped on the tip of the nanoantenna in a static regime or on the outer wall of the channel in a dynamic regime, presenting a revolving movement.
Multiphysics simulations have revealed that the switch between the two state can be attributed to a change of the EM field distribution and to thermal effects induced by the variation in the laser focus.
The stiffness of the "inner" configuration, the more stable one, is strong enough to allow for the trapping of particles as small as 40 nm.
In principle, this technique is suitable to trap smaller specimens. Indeed, the presence of a heat sink at the bottom of the antenna assures the dissipation of thermal instabilities.
Moreover, the fabrication technique offers the possibility to further optimize the structure parameters, such as the pore dimension, in order to achieve higher field enhancements.
The innovative and reproducible two-state switching mechanism opens up novel possibilities in the field of optical manipulation.
For example, particles functionalized with long molecular chains could be attached to the antenna. The switch between trapping positions could offer the opportunity for multiple sequential detections in time.
More in general, the two state trapping systems can represent a model for fundamental studies of plasmonic tweezing mechanisms in dynamic regimes.
Finally, since the trapping laser wavelength is in the visible range, our method can be easily integrate with detection methods such as Raman scattering or fluorescence spectroscopies.
